ABSTRACT. Adsorption onto bacterial cell walls can significantly affect the speciation and mobility of aqueous metal cations in many geologic settings. However, a unified thermodynamic framework for describing bacterial adsorption reactions does not exist. This problem originates from the numerous approaches that have been chosen for modeling bacterial surface protonation reactions. In this study, we compile all currently available potentiometric titration datasets for individual bacterial species, bacterial consortia, and bacterial cell wall components. Using a consistent, four discrete site, non-electrostatic surface complexation model, we determine total functional group site densities for all suitable datasets, and present an averaged set of 'universal' thermodynamic proton binding and site density parameters for modeling bacterial adsorption reactions in geologic systems.
, 5.3 ؎ 2.1 ؋ 10 ؊5 , and 6.6 ؎ 3.0 ؋ 10 ؊5 moles/wet gram bacteria for the sites with pK a values of 3.1, 4.7, 6.6, and 9.0, respectively. It is our hope that this thermodynamic framework for modeling bacteria-proton binding reactions will also provide the basis for the development of an internally consistent set of bacteria-metal binding constants. 'Universal' constants for bacteria-metal binding reactions can then be used in conjunction with equilibrium constants for other important metal adsorption and complexation reactions to calculate the overall distribution of metals in realistic geologic systems.
introduction Bacterial cell walls contain a range of organic acid functional groups that can adsorb metal cations and protons from solution, thereby affecting the bioavailability, fate, and transport of trace and contaminant metals in near-surface geologic settings (Tornabene and Edwards, 1972; Warren and Ferris, 1998; Tortell and others, 1999) . Functional groups on bacterial surfaces are similar to those found on mineral surfaces in that they are proton active. However, unlike functional groups on mineral surfaces that become doubly protonated and positively charged at low pH, bacterial surface functional groups behave like monoprotic organic acids. Most bacterial surface groups are either protonated and neutrally charged or deprotonated and negatively charged, although amine groups are positively charged when protonated. Aqueous metal cations interact both electrostatically and covalently with deprotonated functional groups to form bacterial surface complexes. The protonation state of the individual functional groups and the stability of each bacterial surface complex can be described using equilibrium thermodynamics (for example, Fein and others, 1997) .
Because of the ubiquity of bacteria in near-surface aqueous systems, thermodynamic models capable of describing bacteria-metal adsorption reactions must be coupled with existing speciation models to establish the overall distribution of metals in real systems. Despite the fact that many bacterial species appear to have similar adsorption characteristics (Daughney and others, 1998; Small and others, 1999; Yee and Fein, 2001; Kulczycki and others, 2002; Ngwenya and others, 2003; Yee and Fein, 2003; Borrok and others, 2004a) , development of a 'universal' set of thermodynamic modeling parameters for bacterial surfaces is problematic. It is impossible to compare measured values for stability constants for bacterial surface complexes from different studies or to combine them into a unified thermodynamic model because a consistent modeling framework for describing these reactions does not exist. The problem originates with differences in approaches for modeling bacterial surface protonation reactions, and becomes amplified when the chosen proton adsorption constants and functional group site densities are used to constrain bacteria-metal adsorption stability constants.
Protonation reactions on bacterial surfaces are characterized through modeling of potentiometric titration data. Although acid-base titrations provide rigorous constraints on the overall buffering capacity of the bacterial surface, they cannot be used in isolation to determine the exact mechanisms or reactions responsible for the buffering behavior. Hence, the same potentiometric titration data can be described equally well using a variety of different models, ranging from those which invoke a relatively high number of sites with discrete acidity constants to those that invoke a lesser number of sites that have a Gaussian distribution of acidity constants about a mean site value (Fein and others, 2005) . For example, Plette and others (1995) utilize a 3-site Langmuir-Freundlich modeling approach to describe the buffering behavior of Rhodococcus erythropolis A177 bacterial cell walls over the pH range of 3 to 10, while Cox and others (1999) use a 5-site linear programming model to describe the buffering behavior of Bacillus subtilis over the smaller pH range of 4 to 10.
Because it is the proton binding framework that determines the activity of deprotonated functional group sites at a given pH, the chosen proton-binding framework also controls the calculated values of the stability constants for bacteria-metal surface complexes. Because proton-binding models vary widely among individual studies, it is not possible to directly compare acidity constants, functional group site densities or metal adsorption constants in a meaningful way. Hence, before a consistent comparison of thermodynamic metal stability constants can be achieved, a consistent thermodynamic foundation for characterization of bacterial surface protonation reactions must be established.
Chemical (Beveridge and Murray, 1980; Beveridge and Fyfe, 1985) and spectroscopic (Hennig and others, 2001; Boyanov and others, 2002; Kelly and others, 2002; Panak and others, 2002; Jiang and others, 2004) evidence suggests that carboxyl, phosphoryl, hydroxyl, and amine moieties are the dominant proton-active functional groups on most bacterial surfaces. This evidence provides the only real constraint on proton-binding models in that these models must account for binding onto a variety of chemically distinct functional group sites, while at the same time accounting for the magnitude and distribution of the observed buffering behavior from titration experiments. Ionic strength effects, metabolic effects, and the effects of structural damage under acidic and basic pH conditions add to the confusion of how to best model titration datasets. For example, several studies have suggested that bacterial surface electric double-layer interactions play an important role in proton-binding (Plette and others, 1995; van der Wal and others, 1997; Martinez and others, 2002) , and a number of different surface electric field models have been used to account for these effects. A number of studies have used a constant capacitance approach, relating surface charge to surface potential using an arbitrarily assigned capacitance value (Fein and others, 1997; Yee and Fein, 2001; Ngwenya and others, 2003; Haas, 2004) . The Donnan electrostatic model, which has also been used by a number of workers (for example, Plette and others, 1995; Martinez and others, 2002; Yee and others, 2004) , invokes the assumption that all counter ions necessary to balance the bacterial surface charge are present within the hydrated bacterial cell wall volume (Marinsky and Ephraim, 1986) , and this 'Donnan volume' can be estimated, directly measured, or empirically-derived. In contrast to these approaches, Borrok and Fein (2005) use a non-electrostatic modeling approach to demonstrate that the ionic strength effect on bacterial surface proton binding reactions (over the range of 0.01 M to 0.5 M) is often relatively small and not significantly greater than experimental and modeling uncertainties. Hence, many electrostatic corrections that rely on curvefitting procedures with no external verification of capacitance or Donnan values may not be justifiable. Claessens and others (2004) demonstrate that after an initial rapid equilibration step, the Gram-negative bacterial species Shewanella putrefaciens continues to actively neutralize base even after 5 hours, presumably through metabolic processes. This suggests that for at least some bacterial species, the equilibration time chosen for a titration is critical to the interpretation of titration results. Borrok and others (2004b) show that exposure to acidic solutions can irreversibly damage bacteria by displacing structurally bound Mg and Ca, resulting in a net increase in reactive sites. Therefore, bacterial titrations that are conducted to pH values below approximately 3.5 may overestimate buffering capacity. Clearly, this is a difficult problem to overcome, because it is necessary to characterize proton-binding reactions over the entire pH range in which they are active, and most bacterial species still have buffering capacity to pH values well below 3.5. Despite these difficulties, total site densities reported for most bacterial species are similar, suggesting that it may be possible to develop a set of 'universal' thermodynamic modeling parameters to describe proton binding onto bacterial surfaces in geologic systems.
In this study, we compile all currently available potentiometric titration datasets for individual bacterial species, bacterial consortia, and bacterial cell wall components. We use a simplified, discrete site, non-electrostatic surface complexation model to determine proton binding stability constants and total functional group site densities for all suitable datasets. Using this approach, we explore differences in proton binding behavior exhibited by different bacterial species and by the same bacterial species under different experimental conditions. Based on these comparisons, we present an averaged set of 'universal' thermodynamic proton binding constants and associated site densities for modeling bacterial adsorption reactions in geologic systems.
compilation of proton binding datasets
The proton binding datasets compiled in this study were either provided in electronic format by the original authors, or were digitized from published sources. This compilation is similar in scope to that developed by Milne and others (2001) for proton binding onto dissolved humic substances. In all, 225 individual datasets, representing more than 9000 individual measurements of more than 35 individual bacterial species and bacterial consortia are included in this compilation. With the exception of a few published datasets that did not contain enough information for calculation of necessary parameters, no available data were deliberately excluded. Datasets are labeled numerically and can be found in spreadsheet format at 'http:// protofit.sourceforge.net/database'. Datasets with the prefix 'IB' refer to individual bacterial species; datasets with the prefix 'BC' refer to bacterial consortia; and datasets with the prefix 'BW' refer to bacterial cell wall components.
The format of reported titration measurements varies considerably among studies. Hence, it was necessary for us to convert some datasets into a standard format, using the following charge balance equation: ] are the concentrations of protons and hydroxyl ions, respectively; and [ϪQ] is the negative of the 'change in surface charge' from the beginning of the titration or 'net protons added'. Both pH and [ϪQ] (typically normalized per gram of biomass) are presented as serial data for each of the compiled titration datasets. Where possible, the concentration and volume of acid or base added (ml) has also been included for additional ease of use. The header for each dataset lists the initial volume of suspension prior to titration, the mass of biomass suspended, the normality of acid or base used in the titration, and the ionic strength of each experiment. Dilution effects (from adding acid and base) have been accounted for in most of the datasets; however, in some cases dilution effects could only be estimated or could not be included based on available data. Generally, the volume of acid or base added was less than 3 percent of the total volume of each suspension. The wet or dry mass of the biomass recorded in the database was taken directly from each published source. However, for modeling purposes in this study, the mass of each suspension was normalized to a wet mass based on the dry mass conversion of 8 wet g ϭ 1 dry g, which is the average of several previously published values (Fein and Delea, 1999; Daughney and others, 2001; Borrok and others, 2004a) . The uncertainties associated with this mass conversion are addressed in a later section. Because of the greater uncertainty involved in converting cell density, in terms of numbers of cells per unit volume, to cell mass, studies that listed only cells per unit volume and did not include an individually calibrated conversion factor (to a mass value) were not included in the modeling portion of this study. The source of each dataset included in the database with a brief description of the data are presented in table 1.
modeling approach
The surface complexation modeling approach explicitly accounts for protonation reactions on the bacterial surface, using titration data to solve for stability constants and the number and concentrations of individual functional group sites (for example, Fein and others, 1997) . We represent functional groups present on the bacterial surface as a number of discrete monoprotic acids, each of which undergoes the following deprotonation reaction:
where R is the bacterium to which the functional group type, A, is attached. The acidity constant, K a , for reaction (2) can be expressed as:
where [R-A i Ϫ ] and [R-A i H°] represent the concentration of deprotonated and protonated sites, respectively, and a H ϩ, represents the activity of protons in the bulk solution. Over the pH range of interest in most natural systems (approximately 3 to 9.5), previous studies have shown that 4 discrete sites are necessary to provide the best fit for (Westall and others, 1995) and to describe protonation and metal-binding reactions in joint humic/bacteria systems (Borrok and Fein, 2004) . We utilize the pK a values originally developed by Borrok and others (2004a) for bacterial consortia grown from natural settings, with values of 3.1, 4.7, 6.6, and 9.0 for the four discrete functional group sites.
The fixed-pK a approach satisfies the available spectroscopic constraints in that it contains multiple sites that could be considered chemically distinct, and is also capable of describing continuous buffering capacity over a broad pH range. Because bacterial surfaces exhibit a continuous buffering capacity, the pH range of each dataset is the variable that predominantly controls the positioning of discrete pK a values, as opposed to real differences in the chemical nature of the proton binding sites. Assigning fixed pK a values, as opposed to allowing them to best-fit the data, in effect normalizes all the datasets to the same pH range. Hence, the fixed pK a model we present, although not unique, facilitates valid comparisons of the proton binding abilities of bacteria where titration data were collected over dissimilar pH ranges. To eliminate large modeling uncertainties and to facilitate meaningful comparisons over the chosen pH range (ϳ3 to ϳ9.5), datasets that did not cover the pH range of at least 4.0 to 8.5 were not modeled. For additional consistency, individual datapoints below pH 2.5 or above pH 10.0 were also excluded.
In our modeling approach, we ignore the effects of the bacterial surface electric field on the adsorption equilibria. Our goal is to use this non-electrostatic modeling approach to quantify and compare the magnitude of ionic strength effects on the deprotonation reactions to those of other parameters that have been studied experimentally. Only after doing this can we determine which factors are important and require more detailed modeling. Our approach is intended to provide an internally consistent comparison of functional group site densities among many bacterial species and bacterial consortia, and is not meant to duplicate previous studies. Like any modeling approach, ours is a simplification of an extremely complex system, and as such is only an approximation of the mechanisms involved.
We use the program FITEQL 2.0 to solve for functional group site concentrations for each of the four discrete sites with the fixed pK a values (Westall, 1982) . The relative goodness of fit of each tested model is quantified using the residual function, V(Y), from the FITEQL 2.0 output for each model. Lower V(Y) values signify better fits, and V(Y) values between 0 and 20 can generally be considered good fits (Westall, 1982) . Although the charge balance equation (1) holds for every point along the titration, it does not account for the initial charge (Q°) on the bacterial surface prior to beginning a titration. Q°represents the concentration of protons it would take to balance the initial charge deficiency at the start of the titration. We treat Q°as an adjustable parameter and solve for it using FITEQL (see Westall and others, 1995, and others, 2005 , for more complete discussions). Activity coefficients were solved for by FITEQL, using the Davies equation.
Like the different modeling approaches used to describe the protonation framework of the bacterial surface, there is also little agreement on the best approach for visualization of acid-base titration data. Most visualization approaches fall into two categories: 1) quantification of protons added to solution as a function of pH; and 2) quantification of protons exchanged with the surface as a function of pH. The first approach is commonly described as the quantity 'C a Ϫ C b ', 'concentration of H ϩ added', or 'equivalents of acid (or base) added', and is taken directly from the raw titration data. The second approach is commonly referred to as 'charge excess', 'relative charge', '[H ϩ ] exchanged', or 'H ϩ bound.', and is defined as the quantity, 'Q', in equation 1. Although both approaches are valid, they are often not comparable because of differences in the initial protonation state of the bacterial surface prior to the titration in each experimental study (see discussion of Q°above). Because the Q°q uantity controls the relative positioning of the titration curve, all raw titration datasets would have to be corrected by this factor to achieve an internally consistent comparison. However, some studies make arbitrary assumptions in applying a correction factor for Q°, while most studies do not correct for this factor at all, making meaningful graphical comparisons among different studies difficult.
Because of these difficulties, we use an approach for data visualization that is not dependent upon Q°. This approach quantifies the proton buffering capacity of the bacterial surface as a function of pH, and is superior to the other approaches for comparing titrations conducted under dissimilar experimental conditions. This third approach, proposed by Turner (2004) and Turner and Fein (unpublished data) , uses a quantity 'Q*' that we refer to as the proton buffering capacity function, which is defined below.
Where Q rel is the relative change in surface charge per mass of absorbent. Since Q* is not easily calculated using an electronic spreadsheet, a computer program, ProtoFit, was developed to conduct the calculations (Turner, 2004) . The computational algorithm used by ProtoFit also produces an uncertainty estimate in Q* for each point in the titration. Because the value of Q* does not depend on Q°, it is a useful function for comparing datasets conducted under dissimilar experimental conditions, and is used throughout this paper for data visualization purposes.
results and discussion
Modeling was completed for 160 of the 225 individual datasets that met all of the necessary criteria (described above). Modeling results using the four-site surface complexation approach are summarized in table 2, and demonstrate that all the tested bacterial species and consortia possess significant buffering capacity over the pH range defined by the assigned pK a values. Moreover, functional group site densities for the more than 20 individual bacterial species and 16 bacterial consortia tested exhibit remarkable similarity. For example, the average total site density for all bacterial species and consortia is 3.2 Ϯ 1.0 (1 ) ϫ 10 Ϫ4 moles/wet gram (table 2) . The site densities reported in our study are actually 'apparent' site densities because: (1) they have not been corrected for bacterial surface electrostatic effects (we use a nonelectrostatic model), and (2) we impose a fixed set of pK a values for which the site densities are valid. In other words, changing the chosen pK a values would also lead to minor fluctuations in the individual site densities.
The model fits for most datasets are excellent, as confirmed by the very low V(Y) values presented in table 2. Generally, the model fits are visually indistinguishable from the individual datapoints themselves. However, in some cases V(Y) values are somewhat higher, reflecting the greater modeling uncertainties in datasets that cover more limited pH ranges. For example, if a dataset contains no datapoints below approximately pH 3.7, the uncertainty associated with the calculated site concentration for the site with a pK a value of 3.1 becomes large. However, despite some magnification of modeling uncertainties for datasets with limited pH coverage, this modeling approach is invaluable for making legitimate comparisons between all the different datasets that cover dissimilar pH ranges. Reported 1 values were in most cases calculated from triplicate or quadruplicate titrations, and represent the maximum difference when only two titrations were available. 1 Consortium or bacterium followed by ionic strength of experiment (in moles/L). Growth media (LB ϭ Luria broth, WL ϭ Westlake media, GM, Geobacter freshwater media), duration of growth, and temperature were added in cases where these factors were directly tested. 2 These values have been converted from dry weight to wet weight by dividing by a factor of 8. Average and standard deviation do not include IB-25, because the bacteria were lysed in this experiment, or IB-31, because the bacteria were spores as opposed to whole cells.
Modeling results were corroborated using a modified version of the program ProtoFit (available at http://protofit.sourceforge.net/database). The functional group site densities for each of the four fixed pK a values calculated using ProtoFit are within approximately Ϯ 5 percent of the values calculated using FITEQL 2.0. Site density values are calculated based on a mass balance of protons using the FITEQL program, while ProtoFit calculates site density values by fitting the ProtoFit buffering function (Q*). Because ProtoFit calculates site density values using a completely different method, it affirms the robust nature of the FITEQL values reported in table 2. A table of values generated by ProtoFit and input files for each dataset are included with the modified version of the program on the internet.
Comparisons, Uncertainties, and the Development of a Universal Model
Factors such as ionic strength, growth medium composition, and the type of bacterial species appear to have some influence on calculated site densities. In the following sections, we discuss the magnitude of the effect on total site densities associated with these experimental variables. We quantify and compare the variability related to these factors, over the range of conditions represented in the dataset, in order to guide the development of a universal set of proton-binding modeling parameters that can serve as the framework for modeling bacterial adsorption reactions in geologic settings. For many of the parameters that we discuss below, the range of conditions represented in the dataset reasonably approximates those found in natural geologic settings. However, the variability that we quantify would potentially change as the range of conditions and bacterial species tested expands. Our goal is to determine whether application of a universal bacterial cell wall protonation model, that neglects the effects of these changing conditions, introduces acceptably small errors in estimating protonation behavior in real systems. Although many of these factors have calculable and often times predictable effects on total site density, wherever possible we report the magnitude of these effects as 'Ϯ coefficient of variation (CV)' values (standard deviation divided by the mean, multiplied by 100), where the range of variance represents the range of experimental conditions tested. Using this method, we are able to achieve a consistent comparison among many of the factors affecting calculated site densities. These comparisons should be considered 'best estimates' based on the available datasets, and are likely to change to some degree as new proton-binding studies become available.
Experimental variability.-Errors associated with experimental variability can be evaluated by comparing modeling results from multiple titrations of the same bacterium or consortium conducted under identical experimental conditions (replicate titrations). One uncertainties based on replicate titrations are presented in table 2. Values that are shown in table 2 with no associated errors represent modeling results from single titrations, so no error analysis could be completed for these data. We calculate a CV for each of the 49 entries that included replicate titrations and average these percentage values to arrive at an average CV value of approximately Ϯ 9 percent. This represents the average uncertainty due to experimental errors. Experimental variability is inherent in the comparisons of the remaining experimental factors below.
Mass conversions.-Individual studies report experimental bacterial concentrations in terms of cell abundance, wet mass, or dry mass, and it is necessary for us to convert these values to a single concentration value to make valid comparisons among studies. We estimate the error associated with mass conversions based on those recently reported in the literature, and are unable to calculate a true CV for this variable.
The wet mass to dry mass ratio of whole bacterial cells is dependent upon the species of bacteria and the time and rate of centrifugation used to de-water the bacteria. Borrok and others (2004a) report wet mass to dry mass ratios ranging from 3.1:1 to 6.5:1 (averaging 5:1) in individual experiments using three Gram negative and two Gram positive bacteria. Fein and Delea (1999) and Daughney and others (2001) report a wet mass to dry mass ratio of 9.9:1, and 10.2:1, respectively for B. subtilis. Based on these previous studies, we use the average conversion factor of 8:1 for this study. This conversion factor is within 40 percent of previously measured values, suggesting that Ϯ 40 percent is the approximate uncertainty associated with wet/dry conversions.
Growth media and duration, temperature, and metabolic influences.-Haas (2004) conducted titrations of Shewanella putrefaciens 200R as a function of growth duration prior to experimentation. Our modeling of this data using the simplified 4-site approach, generates results similar to those originally generated by Haas (2004) . Based on our results, we calculate a CV of Ϯ 5.5 percent in total site density from titrations of bacteria grown from 24 to 100 hours prior to experimentation. Total site density increases as a function of growth time from 24 to 72 hours, but decreases to its original level at 100 hours of growth. Daughney and others (2001) performed similar experiments using the Gram positive bacterium, Bacillus subtilis. Because these experiments were not conducted below pH 4.0, they were not modeled as part of this study; however, the ProtoFit buffering functions for each titration in both studies are presented in figures 1A We model these titrations using the simplified 4-site approach and find that changes in growth media result in a CV of Ϯ 3.6 percent in total site density. We also model titration data from Haas (2004) collected using the facultative bacterium S. putrefaciens 200R grown anaerobically (as opposed to aerobically in the aforementioned experiments). The results show that site density decreased by about 15 percent when the bacterium was grown anaerobically in Westlake media (as compared to aerobic growth in Westlake media). Site density decreased by 72 percent when the bacterium was grown anaerobically in Geobacter Freshwater Media (as compared to aerobic growth in the same media). Differences in these results appear to reflect the different growth media used in each experiment. Moreover, because of the extended growth times necessary for anaerobic bacteria, we cannot isolate the effect of 'growth duration' on site density in these experiments. Because of these difficulties, we do not attempt to calculate a CV for this data, but estimate the approximate uncertainty to be Ϯ 31.5 percent based on the maximum site density change.
Wightman and others (2001) investigated the effect of temperature on the proton binding behavior of B. subtilis over the range of 30 to 75°C. Our modeling results of these data demonstrate that total site densities increase with increasing temperature, resulting in a CV of Ϯ 8.8 percent over this temperature range. Although not included in table 2 because of uncertainty in conversion from cell density to wet weight, Claessens and others (2004) conducted titrations of S. putrefaciens using 2 minute and 5 minute equilibration times prior to the addition of the next aliquot of titrant. Our modeling indicates that the longer equilibration time results in an increase in apparent total site density of about ϳ 9.5 percent (or a variability of Ϯ 4.7%) based on the difference from the average site density of the two titrations. This increase in site density appears to be related to metabolic exchange of protons within the cell membrane. However, it is not clear whether other bacterial species behave in a similar fashion.
Ionic strength.-We could find only 6 studies of potentiometric titrations of whole bacterial cells that involve ionic strength changes of at least one order of magnitude (Walberg and others, 1991; Martinez and others 2002; Borrok and Fein, 2005; Borrok and others, 2005; Fein and others, 2005) . These studies utilized the Gram positive bacteria Bacillus subtilis and Bacillus licheniformis, and the Gram negative bacteria Pseudomonas mendocina, Pseudomonas putida, Escherichia coli, and (Haas, 2004) , and (B) Bacillus subtilis harvested during exponential, stationary, and sporolated growth phases prior to experimentation (Daughney and others, 2001 ).
Klebsiella oxytoca. Our modeling results from these studies demonstrate a general trend of increasing apparent total site density as a function of increasing ionic strength ( fig.  2) . The best-fitting logarithmic trend line for the entire dataset (solid line in figure 2) verifies this trend. However, the magnitude of this trend varies greatly among individual studies, and in a few cases this general relationship is contradicted, resulting in a weak correlation coefficient of 0.27 for the trend line ( fig. 2) .
The relationships between ionic strength and site density manifest themselves as changes in the magnitude and positioning of the ProtoFit buffering function for each titration as a function of ionic strength, and are presented for each study in figures 3A-H. The most notable changes in the buffering functions for all but one study occur between 0.1 M ionic strength and the lowest ionic strength reported (generally 0.01 M). In each case, this change is distinguished by a slight reduction in the magnitude of the main buffering peak (around pH 5) at low ionic strength compared to the 0.1 M and higher ionic strengths. Additionally, at the lowest ionic strengths, the position of this buffering peak in most studies is shifted slightly to higher pH (figs. 3A-G). This shift is evident in studies of Gram positive (figs. 3A, C, D) and Gram negative bacteria (figs. 3B, E, F, G, H), suggesting that the structure of the bacterial cell wall is not a Fig. 2 . Percentage change in apparent total site density for individual bacterial species as a function of ionic strength. Percentages of change for each species (within each individual study) are calculated relative to the total apparent site density calculated at the lowest experimental ionic strength of each study. Hence the lowest ionic strength datapoint for each study is assigned a value of zero. Dashed lines connect data points for individual studies. The best-fit logarithmic trend line for all the data (solid line) has a correlation coefficient of 0.27. critical factor in how ionic strength affects protonation reactions on the bacterial surface (a conclusion also supported by Borrok and Fein, 2005) . In contrast to the other results, the ProtoFit buffering function for E. coli in the Martinez and others (2002) study shows little change over the ionic strength range 0.01 M to 0.1 M, but exhibits a shift in magnitude (lower) for the 0.5 M case. We calculate the average CV due to ionic strength effects over the ionic strength ranges represented in each individual study by calculating the 'standard deviation/mean*100' for each set of titrations and averaging them over the 6 studies. The average CV (Ϯ 8.5%) is partly a reflection of the range of ionic strength conditions tested in each of the individual studies, and is likely to change somewhat as more studies are performed and broader ranges of ionic strength are tested. For a more direct comparison among these studies, we normalize the individual CV values per 1 log unit change in ionic strength. The normalized results demonstrate that the average effect of ionic strength is a 12.5 percent increase in apparent site density per one order of magnitude increase in ionic strength. (Borrok and Fein, 2005) ; (H) Klebsiella oxytoca at ionic strengths of 0.01 and 0.1 M (Wallberg and others, 1991) . For the modeling compilation in table 2, dry mass has been converted to wet mass by using a factor of 1 dry gram ϭ 8 wet grams.
likely be accounted for to some degree by utilizing corrections that account for non-ideal behavior that arises from these electrostatic interactions. However, it remains unclear which electrostatic treatment is best and whether the ionic strength effects are large or consistent enough to require any treatment at all other than the alternative (which we employ in this study) of using a non-electrostatic model that neglects the effects of the surface electric field. For example, Martinez and others (2002) conducted titrations over a broad ionic strength range using whole cells of B. subtilis and E. coli. They successfully applied the Donnan electrostatic model to protonation reactions using a master curve approach, noting an improvement in the residual scatter of titration datapoints after application of the Donnan model. Borrok and Fein (2005) applied diffuse layer and triple layer electrostatic models to titration data collected over a broad range of ionic strengths using P. mendocina and P. putida. They demonstrate that these electrostatic treatments greatly over-predict the effect of ionic strength on bacterial surface protonation reactions, resulting in poorer fits and more variability in stability constants than non-electrostatic models.
The activities of bacterial surface and aqueous species change in the presence of the surface electric field surrounding the bacterial cell wall. Electrostatic treatments such as the triple layer model are often used to correct for changes in activity caused specifically by the surface electric field around mineral surfaces, while activity coefficients are used to account for changes in the activity of aqueous species caused by ionic interactions and the ordering of water molecules. Because the magnitude and geometry of the electric field surrounding the bacterial surface are unknown, it is not clear whether electric surface field models are necessary or what form these models would take. In order to test a simple approximation of the electric field effects, we consider the deprotonated bacterial surface sites as aqueous anions, and we calculate their activity coefficients using the Davies equation within FITEQL. Using this approach, we re-modeled all of the ionic strength datasets (modeling results not depicted). We find that assigning activity coefficients to deprotonated surface sites has little impact on calculated site concentrations using our 'fixed pK a ' modeling approach. For example, at 0.5 M and 0.01 M ionic strengths the addition of activity coefficients lowers the apparent total site density for P. putida by only 1.5 percent and 0.02 percent, respectively. We additionally test the impact of assigning activity coefficients for deprotonated sites by allowing both K values and site concentration values to float. In this case, inclusion of activity coefficients for deprotonated sites serves to slightly decrease the magnitude of the apparent K values (relative to their pre-activity coefficient values), with an increasing effect with increasing ionic strength. Calculated site densities in this case remain relatively unaffected as a function of ionic strength. For these activity corrections to account for the observed ionic strength effects, the apparent K values would have to shift in magnitude enough to cause calculated apparent total site densities to merge towards one unique value over the range of ionic strengths tested. However, because the shift in K values using this approach is so small, we conclude that traditional activity coefficients for aqueous ions cannot account for the changes in bacterial surface protonation behavior with ionic strength. Moreover, the ionic strength effects on bacterial surface protonation behavior that have been measured to date are weak at best and probably do not warrant an electrostatic treatment to account for them (see fig. 2 ). We conclude from this test, and from our consideration of the ionic strength datasets, that our approach of neglecting electrostatic corrections yields a reasonable estimation of the protonation behavior of the bacterial surface as a function of ionic strength.
Cell wall structure and species.-Gram positive bacterial cell walls are composed largely of a rigid network of peptidoglycan often accompanied by teichoic acid, while Gram negative cell walls contain a much thinner layer of peptidoglycan surrounded by an outer membrane composed of lipopolysaccharides, phospholipids, and proteins (Beveridge, 1989) . Differences in these cell wall structures may impact the types, locations, and abundances of functional group sites. However, it is impossible to fully separate the impact of 'differences in bacterial species' from 'differences in cell wall structure' on total apparent site densities. Hence, we employ a slightly different approach to our calculations that allows us to estimate the individual effects of these factors.
To quantify the effect of cell wall structure on total site density, we compare model results from separate titrations of Gram negative and Gram positive bacteria. We limit the comparison to model results from datasets collected at 0.1 M ionic strength, at room temperature, with less than 48 hours aerobic growth time to remove the effects of these other parameters. To further isolate the effect of cell wall structure and to minimize modeling uncertainties introduced by mass conversion calculations, we examine modeling results originally reported 'per wet mass' separately from those originally reported 'per dry mass' (and later converted to wet mass). Gram positive bacteria that fit these criteria (and were originally reported per wet mass) include 6 different species, and 7 datasets table 2). Gram negative bacteria that fit these criteria (and were originally reported per wet mass) include 6 different species, and 8 datasets  However, the position of at least a subset of the Gram positive buffering functions exhibit a buffering peak at pH 4.5, which is positioned at a slightly higher pH than the peaks of the buffering functions for most Gram negative bacterial species. The magnitude of the variation in site densities among the bacterial species within each Gram type (and mass category) is likely to be of similar magnitude to the variation in site densities that one might expect among individual bacterial species in natural geologic settings. We calculate the average CV associated with differences among species by first calculating the CV within each Gram type (and originally reported mass type), and then averaging these totals. The average variance values we develop using this method quantify the uncertainty inherent in assuming that each individual species behaves in one averaged fashion. Site densities among individual bacterial species vary by an average of about Ϯ 34 percent (figs. 4A and 4B display the magnitude in variation among individual species).
As expected, the bacterial consortia, many of which contained both Gram negative and Gram positive bacteria, exhibit an average total site density between that calculated for the different Gram types (2.8 Ϯ 0.8 ϫ 10 Ϫ4 moles/wet gram consortium). The ProtoFit buffering functions for titrations of the 16 bacterial consortia Application to geologic settings.-No matter how robust a universal set of bacteria proton binding modeling parameters may be, application of these parameters to models of geologic systems requires knowledge of the total bacterial abundance in each environment of interest. In other words,
where [totC field ] is the total concentration of bacterial surface functional group sites in a specific field setting (per unit volume), [totC] is the total number of bacterial surface sites per gram of bacteria, and [M bacteria ] is the mass of bacteria in the specified field setting (per unit volume). Our study quantifies the uncertainty associated with [totC] over the range of experimental conditions tested. However, the measurement of total bacterial abundance in real systems [M bacteria ] is not a straightforward task, and therefore has large uncertainties associated with it as well. Methods such as plate counting and most probable numbers are likely to underestimate bacterial abundance by as much as an order of magnitude (Zweifel and Hagstrom, 1995) . More accurate, but laborious, direct counting methods have shown that bacterial abundance within the same aquifer or surface water system may vary by more than an order of magnitude, depending upon the sample location (Martino and others, 1998; Haveman and others, 1999; Almeida and others, 2001) . Bacterial abundance has also been shown to change dramatically in response to seasonal changes (Fisher and others, 1998) . Based on these studies, we estimate the uncertainty associated with [M bacteria ] to be approximately Ϯ half an order of magnitude (Ϯ 0.5 log units).
Neglecting factors such as ionic strength, temperature, and growth phase of the bacterial species in applying a universal protonation model introduces relatively insignificant uncertainties compared to the uncertainties estimated for the determination of field abundances of bacteria. Figure 6A compares Figure 6B illustrates the relative contributions to [totC] for each of the individual factors examined in this study. This is a semi-quantitative comparison based on the relative proportions of the CV and 'approximate uncertainty' values developed for these individual factors. We make the simplifying assumptions that these are the only contributing factors and they influence uncertainties independently. Figure 6B demonstrates that factors such as growth media, metabolic influences, growth phase, ionic strength, temperature, and experimental uncertainties, have only a minor effect on model development. The largest uncertainties related to model development are Gram type, anaerobic versus aerobic growth, species type, and weight conversion, with each factor responsible for 13 percent, 19 percent, 20 percent, and 25 percent of the total uncertainty in figure 6B , respectively. Obviously a more complete titration dataset would yield more accurate estimates for the uncertainties associated with [totC] . For example, titrations have been performed using a relatively exclusive group of bacterial species, which can be grown easily under laboratory conditions. These bacterial species constitute only a small fraction of the bacterial diversity in natural settings, and the uncertainty in [totC] could increase as more species are tested.
conclusions
In this study we compile all useable, currently available potentiometric titration datasets for bacteria, which include 225 datasets representing more than 9,000 individual data points. This is the first compilation of its kind for bacteria and can be found in spreadsheet form at 'http://protofit.sourceforge.net/database'. We model many of the datasets within this compilation using a universal 4 discrete site surface complexation framework, quantifying the concentration of proton active functional groups for each of the four discrete sites. Using this approach, we are able for the first time to directly compare the proton-binding character of a diverse range of bacterial species under many different experimental conditions (that is, ionic strength, growth media, temperature, et cetera). Despite the broad range of bacterial species and experimental conditions, modeling results for all studies are remarkably similar. For example, total functional group site densities of all the bacterial species average 3.2 Ϯ 1.0 (1 ) ϫ 10 Ϫ4 moles/wet gram. The average site densities for the four discrete sites, averaged over the entire dataset, are 1.1 Ϯ 0.7 ϫ 10 Ϫ4 , 9.1 Ϯ 3.8 ϫ 10 Ϫ5 , 5.3 Ϯ 2.1 ϫ , and (B) the approximate relative contributions to the uncertainty in model development ([totC] ) for each of the individual laboratory factors described in this study. Ϫ5 , and 6.6 Ϯ 3.0 ϫ 10 Ϫ5 moles/wet gram bacteria for the sites with pK a values of 3.1, 4.7, 6.6, and 9.0, respectively. Hence, when modeling bacterial surface protonation, ignoring factors such as species type, ionic strength, temperature, and growth conditions introduces relatively small uncertainties compared to the unavoidable uncertainty associated with the determination of cell abundances in realistic geologic systems. Our results also suggest that a broad range of bacterial surfaces exhibit 'universal' proton binding behavior over a broad range of conditions. This conclusion is consistent with the findings of Jiang and others (2004) who demonstrate through infrared spectroscopy that the cell surface functional group chemistry of a number of Gram positive and Gram negative bacterial cell walls are identical, and that this chemistry does not change as a function of growth phase or growth medium. Despite these striking similarities, there may be instances where more accurate estimates of the cell wall protonation behavior for a specific bacterial species are required. For example, in engineered systems such as bioreactors, the number of bacterial species is often limited and known, and the total bacterial abundance can be accurately determined. In these highly controlled settings, more accurate estimates of cell wall protonation behavior can be made by considering at least some of the factors that we neglect in our proposed universal model.
The conclusion that the protonation behavior of bacterial surfaces can be approximated using a single, discrete-site modeling framework with common parameters represents a step forward in our ability to model bacterial adsorption reactions in complex multi-component systems. Using the assumption of universality of proton binding behavior, we can use the single set of equilibrium constants and site concentrations determined in this study to describe bacterial protonation reactions in any geologic system of interest. Without this type of generalized approach, it would be necessary (but nearly impossible) to identify, enumerate, and perform experiments on every bacterial species present in a given geologic setting, under every condition of interest. It is our hope that the thermodynamic framework for modeling bacteriaproton binding reactions established in this study will also provide the basis for rigorous comparisons of metal binding constants among different bacterial species. If universal constants can also be developed for bacteria-metal binding reactions, and if equilibrium constants and site concentrations for other important metal adsorption and complexation reactions are known, the distribution of metals in realistic geologic systems can be calculated relatively easily.
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